Pirfenidone [5-methyl-1-phenyl-2-(1H)-pyridone] down-regulates expression of cytokines and other mediators involved in the onset and development of pulmonary fibrosis. Pirfenidone also inhibits production of tumor necrosis factor alpha (TNF-␣) from macrophages incubated with endotoxin and protects mice against endotoxin shock. Pirfenidone's ability to reduce cytokine expression in these disorders led us to investigate the drug's effect on another cytokine anomaly, superantigen-induced shock. BALB/c mice were exposed to staphylococcal enterotoxin B (SEB) either systemically or by aerosol and subsequently potentiated with a sublethal dose of lipopolysaccharide. In these experiments, pirfenidone given 2 to 4.25 h after SEB resulted in 80 to 100% survival versus only 0 to 10% survival among untreated control animals. Relative to serum cytokine levels from controls given toxin but no drug, there was a 35 to 80% decrease in TNF-␣, interleukin 1, and other proinflammatory cytokines. In vitro experiments with human peripheral blood lymphocytes revealed that pirfenidone reduced SEB-induced cytokine levels 50 to 80% and inhibited 95% of SEB-induced T-cell proliferation. Overall, these studies demonstrated the potential utility of pirfenidone as a therapeutic against septic shock and the biological effects of SEB.
Staphylococcal enterotoxins (SEs), produced by the ubiquitous bacterium Staphylococcus aureus, are protein exotoxins that cause transient gastrointestinal problems following ingestion of SE-contaminated food (1, 19) . SEs also possess superantigenic properties by cross-linking antigen-presenting cells and T cells, binding to the outer region of major histocompatibility complex class II molecules on antigen-presenting cells and to V␤-specific determinants on the T-cell receptor (10, 21) . The resulting complex triggers intense proliferation of T cells that eventually die by apoptosis (28, 46) . Similar to antigen-activated T cells, cytokines such as interleukin 1 (IL-1), IL-2, gamma interferon (IFN-␥), and tumor necrosis factor alpha (TNF-␣) are produced and released during T-cell proliferation (23) . Under pathological conditions, these cytokine levels far exceed those required for normal physiologic homeostasis, resulting in severe tissue damage and often death (22, 47 ; J. Carlet, F. Taylor, M. Levi, A. Aritgas, H. ten Cate, and J. Marshall, abstract from the clinical expert round table (session 4) at the Margaux Conference on Critical Illness, Crit. Care Med. 29:S107-S108, 2001).
While many proinflammatory cytokines contribute to SE toxicity, TNF-␣ predominates as the precipitating factor in pathological manifestations (13, 29, 30) . TNF-␣ belongs to the TNF superfamily of biologic effector molecules, and when released by antigen-activated cells, TNF-␣ in conjunction with other effector molecules modulates a wide array of cellular processes, including host defense, apoptosis, cell differentiation, and organogenesis (9, 27) . However, the untoward release of high TNF-␣ levels results in organ dysfunction and systemic toxicity (23, 38) .
The lungs are extremely sensitive to inflammatory reactions mediated by TNF-␣, and two life-threatening syndromes, vascular leak and respiratory distress, develop during septic shock (16, 32) . Further studies have indicated that cytokine-mediated acute respiratory distress syndrome and inflammatory lung disease occur during SE intoxication (14, 38) . Without immediate intervention, these conditions are lethal (11, 22) . Suppression of TNF-␣ and other proinflammatory cytokines limits acute symptoms, such as dyspnea, tachypnea, and hypoxemia, thereby reducing immediate respiratory dysfunction (34) . However, residual damage resulting from inflammatory reactions can thicken alveolar walls and decrease alveolar function through a disease process known as pulmonary fibrosis (5) . Without further treatment, these fibrotic lesions cause permanent and irreparable damage within the lungs.
Pirfenidone [5-methyl-1-phenyl-2-(1H)-pyridone], an antifibrotic agent, inhibits bleomycin-induced pulmonary fibrosis in hamsters as well as experimental peritonitis in rats (18, 41) . Recently, pirfenidone has been shown to down-regulate production of intercellular adhesion molecule-1 in IL-1␣-treated human synovial fibroblasts and to inhibit transforming growth factor-␤ at the transcription level in lung tissue from bleomycin-treated mice (17, 20) . Pirfenidone also protects mice from endotoxin-induced shock and dramatically decreases TNF-␣ concentrations in endotoxin-treated macrophage cultures (6) . In addition to these in vitro and in vivo studies, pirfenidone has been used in phase II clinical trials for treatment of pulmonary fibrosis (36) .
Pirfenidone's ability to reduce pulmonary fibrosis and protect against endotoxic shock suggests that the drug could be used therapeutically against SE-induced biological effects, including shock. It is well known that bacterial superantigens like Cytokine detection. The levels of TNF-␣, IL-1␤, IL-6, and IFN-␥ in culture supernatant fluid from PBMC or TNF-␣, IL-1␣, IL-6, and IFN-␥ in mouse sera were measured via sandwich ELISA by using cytokine-specific antibodies, according to the manufacturer's instructions. Recombinant cytokines (20 to 1,000 pg/ml) represented the calibration standards, and the detection limit for all assays was 20 pg/ml.
Statistical analysis. The cytokine data were expressed as the mean reading Ϯ standard deviation (SD) and were subsequently analyzed for significant difference (P Յ 0.05) in Student's t test with Stata (Stata Corp., College Station, Tex.). The 2 test was used to determine significant protection (P Յ 0.05) by pirfenidone between treated and untreated groups.
RESULTS
Pirfenidone protects mice from SEB-mediated shock. Cain and coworkers (6) showed that a 100-to 200-mg i.p. dose of pirfenidone/kg effectively lowers serum levels of TNF-␣ after endotoxin exposure. Preliminary studies performed in our laboratory also determined that a 200-mg/kg dose provided protection against SEB-induced shock (data not shown), and therefore that dose was used in the present studies.
Pirfenidone protected mice from SEB-mediated shock when given 1 to 4.25 h after an i.p. injection of SEB but did not afford protection if given 4.5 h after SEB ( Table 1 ). All of the mice survived when pirfenidone was administered 2 or 3 h after SEB, and 80% survived if the drug was given 1 or 4.25 h after SEB. The mice were not protected if pirfenidone was administered 1 h before or 4.5 h after an i.p. SEB challenge.
Within 2 h after LPS potentiation, all mice receiving SEB i.p., but not pirfenidone, exhibited clinical signs of intoxication, including ruffled fur, dyspnea, lethargy, and diarrhea. All of these animals died within 12 to 36 h. Although intoxicated animals given pirfenidone exhibited ruffled coats and dyspnea, the symptoms were transient with no observable diarrhea, and the survivors appeared healthy 96 h after the SEB inoculations. Mice given LPS only became lethargic but recovered within 48 h and were healthy throughout the remainder of the experiment.
When SEB was administered by aerosol, only 10% of the mice receiving SEB plus LPS survived, while 100 or 60% of pirfenidone-treated mice survived if the drug was given 3.5 or 4.25 h, respectively, after SEB (Fig. 1) . Although only 20% of the mice receiving pirfenidone 4.5 h after SEB survived, there was a delay in the time of death relative to those given aerosolized SEB plus i.p. LPS.
Clinical symptoms began within 6 to 24 h after exposure and were similar to those observed in mice receiving both SEB and LPS i.p. Ruffled fur, dyspnea, lethargy, and diarrhea developed between 12 and 72 h, and death occurred between 48 and 144 h. However, among toxin-treated animals given pirfenidone, symptoms varied depending upon the time of drug administration. If the mice received pirfenidone 3.5 h after SEB, they developed ruffled fur and lethargy between 6 and 24 h, but by 120 h, clinical signs had diminished significantly. Mice receiving pirfenidone 4.25 or 4.5 h after SEB again developed ruffled fur and lethargy between 6 and 24 h, and clinical signs among survivors diminished by 192 h, the time by which all mice given SEB and LPS had died.
Pirfenidone lowers serum cytokine levels following an SEB aerosol exposure and i.p. injection of LPS. To determine if pirfenidone's protective effect was linked to decreased levels of serum proinflammatory cytokines, known to be intimately connected to lethal shock in this murine model (24, 25, 26, 39) , blood was collected from mice 7 h after they received an aerosolized dose of SEB. TNF-␣ was not detected in the sera of controls receiving PBS, SEB plus PBS, or pirfenidone plus PBS (Fig. 2A) . The TNF-␣ levels in sera from animals given PBS plus LPS were 750 pg/ml, 60% less than those in sera from animals given SEB plus LPS. Pirfenidone reduced serum TNF-␣ levels 70 to 80% among animals given SEB plus LPS. Pirfenidone, when administered to mice given PBS plus LPS, reduced TNF-␣ levels by 50%.
Although pirfenidone decreased serum TNF-␣ levels most drastically among mice given SEB plus LPS, serum IFN-␥, IL-1␣, and IL-6 levels were also decreased by 70, 60, and 40%, respectively (Fig. 2B to D) . Pirfenidone alone had no effect upon TNF-␣, IFN-␥, or IL-1␣ levels but caused a slight rise in IL-6 levels. The lowest serum cytokine levels were seen in animals given the drug 3.5 h after SEB exposure, with the greatest effect observed on TNF-␣, IFN-␥, and IL-1␣. Overall, these in vivo studies showed that among animals exposed to aerosolized SEB potentiated with LPS i.p., pirfenidone decreased the levels of various proinflammatory cytokines in the serum due to SEB, LPS, or SEB plus LPS.
Pirfenidone inhibits SEB-induced cytokines from PBMC. Since elevated levels of proinflammatory cytokines, important for toxicity in this murine model (26, 39) , were decreased in mice receiving pirfenidone, we next tested the effect of this drug on PBMC cultures incubated with SEB. Preliminary experiments showed that pirfenidone was not toxic at doses between 0.5 and 1,000 g/ml and that SEB-induced cytokine levels were reduced in a dose-dependent manner with a drug concentration of 0.5 to 520 g/ml (data not shown). Therefore, all subsequent experiments were performed using pirfenidone at a concentration of 520 g/ml. When pirfenidone was added to cells with SEB, TNF-␣ levels were reduced 75% (Fig. 3) . In PBMC incubated with medium only, IFN-␥, IL-1␤, and IL-6 were detected at levels Յ20 pg/ml, but in cells incubated with SEB, they were detected at 450, 100, and 280 pg/ml, respectively. When pirfenidone was added to cultures with SEB, the levels of IFN-␥, IL-1␤, and IL-6 were decreased 67, 100, and 50%, respectively.
Pirfenidone inhibits human T-cell proliferation induced by SEB. By the classic definition, superantigens such as SEB induce massive T-cell proliferation (1). Therefore, we tested the ability of pirfenidone to inhibit SEB-induced T-cell proliferation (Fig. 4) . Inhibition of SEB-induced proliferation by pirfenidone was dose dependent (12.5 to 1,250 g/ml), and at higher drug concentrations, there was 70 to 90% inhibition versus cultures treated with SEB alone. The [ 3 H]thymidine uptake among cultures incubated with SEB increased significantly over those of untreated cultures or those incubated with pirfenidone alone (data not shown). There was no evidence of drug-induced cytotoxicity, as determined by trypan blue exclusion, with Ͼ95% viability during these experiments, and there FIG. 1. Survival of mice exposed to an SEB (7 LD 50 ) aerosol. The group size (n ϭ 20) is based on cumulative data from two experiments. All mice given SEB plus PBS survived (not shown on the graph). The remaining control groups included mice receiving PBS (aerosol) plus LPS or SEB (aerosol) plus LPS. At various times after receiving SEB, experimental groups exposed to SEB plus LPS were given an i.p. dose of 200 mg of pirfenidone (PF)/kg.
VOL. 70, 2002 PIRFENIDONE BLOCKS STAPHYLOCOCCAL ENTEROTOXIN B 2991
on October 1, 2017 by guest http://iai.asm.org/ was no difference in cytotoxicity in PBMC cultured with or without pirfenidone for 2 days (data not shown).
DISCUSSION
Excessive production of TNF-␣ and other proinflammatory cytokines produced when SE activates T cells often results in severe tissue damage and sometimes death (8, 11, 13, 29) .
Inhibition of T-cell proliferation and reduction of proinflammatory cytokine levels is the underlying target for many therapeutic agents (2, 7, 26, 34) . Previous investigations have shown that antibodies recognizing TNF-␣ decrease symptoms associated with toxic shock (30, 43) . Compounds such as niacinamide or pentoxifylline that reduce circulating levels of TNF-␣ and other proinflammatory cytokines also prevent lethal shock caused by SEs (24, 26) . These studies and numerous others reveal that inhibiting cytokine production, particularly that of TNF-␣, is central to treatment of toxic shock (23, 30) .
Pirfenidone inhibits TNF-␣ elicited when peritoneal macrophages are cultured with endotoxin. Additionally, mice injected with endotoxin and then treated with pirfenidone do not have elevated serum TNF-␣ levels and are protected against endotoxic shock (6) . The ability of pirfenidone to inhibit TNF-␣ production in macrophages and protect mice from endotoxin-induced shock led us to investigate whether pirfenidone could lower TNF-␣ after SEB stimulation and protect mice from lethal effects of SEB exposure.
FIG. 2. Levels of TNF-␣ (A), IFN-␥ (B), IL-1␣ (C)
, and IL-6 (D), in pooled sera from mice exposed to PBS or SEB aerosols. The sera were from samples taken 7 h after the following treatments: (i) PBS, (ii) SEB plus PBS, (iii) PBS plus LPS, (iv) SEB plus LPS, (v) PBS plus pirfenidone (PF) given 3.5 h after PBS, (vi) PBS plus LPS with PF given 3.5 h after PBS, (vii) SEB plus LPS with PF (t1) given 3.5 h after SEB, and (viii) SEB plus LPS with PF (t2) given 4.25 h after SEB. The values represent the mean ϩ SD for duplicate samples from three experiments. Numerous investigations show that LPS potentiates the biologic effects of SEs and that septic shock may reflect a culmination of excessive proinflammatory cytokines resulting from the actions of both toxins (3, 4, 24, 35, 39, 40, 42) . Although SE and LPS often lead to different sequelae, acute shock caused by abnormally high levels of TNF-␣ and other proinflammatory cytokines results in life-threatening situations (8, 11, 38) . Thus, an animal model in which the SEB effects are magnified by sublethal concentrations of LPS provides an in vivo system that can be used to evaluate the effectiveness of therapeutics against lethal shock (4, 23, 30) .
Using this previously characterized model (24, 25, 26, 39, 40) , our studies showed that pirfenidone protected mice when SEB was given i.p. (Table 1) or by aerosol (Fig. 1) . All of the mice survived if pirfenidone was administered by either route 2 to 3.5 h after SEB, and 60 to 80% survived if pirfenidone was given 4.25 h after SEB. Pirfenidone also delayed death among animals exposed to aerosolized SEB. Within 48 h, 50% of mice challenged with an SEB aerosol and a sublethal dose of LPS had died in contrast to 0% of similarly treated animals given pirfenidone, although some mice given the drug died 72 h post-SEB exposure. Thus, delaying lethal shock may provide an opportunity for further intervention during which another dose of pirfenidone or other therapeutic agents can be administered and thereby provide additional protection against subsequent sequelae, including death.
In addition to the protective effect of pirfenidone against shock, the drug significantly reduced proinflammatory cytokine levels in serum (Fig. 2) . Reduced cytokine levels correlated well with survival data (Fig. 1) , supporting previous reports that TNF-␣ and other proinflammatory cytokines play an important role in human septic shock and in this murine model (13, 24, 29) .
Our in vivo investigations were confirmed by in vitro experiments with PBMC cultures showing that pirfenidone inhibited SEB-induced T-cell proliferation in a dose-dependent manner (Fig. 4) . Inhibition of T-cell proliferation correlated well with reduced cytokine levels (TNF-␣, IL-1␤, IFN-␥, and IL-6) in hPBL cultures incubated with SEB. Inhibition by pirfenidone of specific SEB-mediated effects was clearly demonstrated by suppression of T-cell proliferation and reduction of IFN-␥ production by PBMC, because both T-cell proliferation and IFN-␥ release are absent in LPS-stimulated hPBL (data not shown).
As shown by Cain and coworkers (6), the decrease in TNF-␣ levels among macrophage cultures was not dependent upon the inducing agent, since pirfenidone lowered TNF-␣ concentrations in macrophages following exposure to either endotoxin or mannosylated bovine serum albumin, both potent TNF-␣ inducers. Our studies showing that the drug reduced TNF-␣ concentrations in SEB-activated PBMC cultures provided further evidence that pirfenidone affects production of this cytokine and is not dependent upon cell type or stimulant. This finding agrees with previous reports showing that noncytotoxic concentrations of pirfenidone inhibit proliferation and cytokine synthesis in human retinal pigment epithelial cells cultured in vitro (48) .
Pirfenidone produces effects that are similar to those of pentoxifylline in that both drugs inhibit production of TNF-␣, IL-1, IFN-␥, and IL-6 and both prevent lethal shock in mice (24) . Pentoxifylline has a biphasic effect that inhibits TNF-␣ at the transcription level and up-regulates production of cytokine receptors that are then shed from the cell surface to neutralize subsequent cytokine activity (15, 33) . Investigations to determine whether pirfenidone causes similar responses are under way.
The ability of pirfenidone to prevent T-cell proliferation, as well as to reduce serum levels of TNF-␣ and other proinflammatory cytokines produced by T cells, macrophages, and presumably fibroblasts, makes the drug an excellent choice for treating inflammatory reactions in the lung. The lungs are extremely sensitive to inflammation caused by SE activation of local T-cell populations and subsequent production of TNF-␣ (16). TNF-␣ in turn induces cells to produce IL-6, IL-8, and proinflammatory peptides, such as neutrophil chemoattractant peptide (CINC), that subsequently attract neutrophils and other polymorphonuclear lymphocytes into the lung (44) . Upon stimulation, these cells release cytokines, hydroxyl radicals, platelet-activating factor, and other chemokines that damage tissue (32, 45) . Since pirfenidone inhibits lipid peroxidation and reduces hydroxyl radical formation, it may also inhibit the production of oxidants and thus prevent further lung injury (31) .
Pirfenidone effectively reduces pulmonary fibrosis caused by a wide array of agents and facilitates the repair of fibrotic lesions (18, 36, 37, 41) . In clinical situations, pirfenidone should prove to be an excellent therapeutic agent against septic or SE-induced shock, since effective systemic levels of the drug can be attained rapidly and steadily without adverse side effects. The experiments performed in this study were limited to one i.p. dose of pirfenidone. The drug is more efficacious when administered orally, and thus, giving the drug orally could presumably increase survival in our model (36) . Future studies will investigate oral administration of pirfenidone in various animal models and the mode of action for protecting against SE-induced symptoms.
